The cyclic response of the SUS316L stainless steel with the nanostructure induced by profuse twinning during equal channel angular pressing (ECAP) at 423 K was investigated with the focus on the shape of the hysteresis loops and their evolution with cycling. The SUS316L steel with the nanostructured twins showed a very high stress amplitude if compared to their conventional counterparts. However, unlike the as-quenched specimens, the ECAPed SUS316L steel revealed considerable cyclic softening at plastic strain amplitudes above 2 © 10 ¹4 . Besides, the ECAPed specimens showed characteristic stress asymmetry behavior during fatigue. At the initial stages of the fatigue tests, a tensile peak stress of the hysteresis loop was higher than a compressive one. Then, the tensile peak stresses gradually decreased with increasing cycles and finally became lower than the compressive peak stress under plastic strain amplitudes higher than 2 © 10
Introduction
Ultrafine grain (UFG) materials manufactured by severe plastic deformation (SPD) exhibit a very promising combination of mechanical properties. Indeed, under monotonic loads these materials have extraordinary strength, which is often paired with affordable or even enhanced ductility while under cyclic loading they often show substantially improved high-cyclic fatigue performance. Particularly, the mechanical twinning resulting in a nano-layered microstructure in various metals and alloys has been recognized a key factor which enables a favorable combination of strength and ductility. The nano-twinned microstructures and related superior mechanical properties were found in copper processed by electrodeposition, dynamic plastic deformation 1) and low-temperature ECAP followed by cryodrawing and cryorolling, 2) and in the SUS316L austenitic stainless steel with low stacking fault energy. 3, 4) Another example of the twinning-based deformation strategy was given by Zhao et al. 5) for the low SFE steels with the TWIP (Twinning Induced Plasticity) effect.
The success of this strategy for improving the high cyclic fatigue properties was demonstrated in Ref. 4 ) for a stable SUS316L austenitic stainless steel: the fatigue limit of the 3-pass samples in the symmetric push-pull testing under constant stress amplitude was found to be of 550 MPa which is by far higher than that in its conventionally produced counterpart (of 200 MPa). Due to its low SFE, this steel has propensity for twinning, and, indeed, profuse deformation twinning was activated during ECAP processing at 423 K so that after just three ECAP passes by route B c , a uniform nano-structure with grain dimensions far below 100 nm on average was formed due to finely spaced intersecting twin lamellar. While the improvement of the monotonic strength with grain refinement is quite common, it is evident that the uniform elongation does not commonly improve as a result of SPD processing; however, the material's resistance to localised plastic flow in the post-necking regime can increase remarkably giving rise to the overall considerable elongation to fracture, 68) which is often reported in the literature. Since the very early studies of fatigue and cyclic behavior of SPD manufactured UFG metals it was demonstrated that the compromised uniform elongation and the specific to these materials susceptibility to strain localization in deformation bands often significantly downgrade their low-cycle fatigue (LCF) properties. The phenomenology of the cyclic response of UFG metals and alloys has been well understood and discussed in several surveys published since 1997. In most cases the LCF properties were reported for sub-microcrystalline materials with equiaxed grains of 200300 nm diameters. The 1-pass ECAP of the SUS316L steel induces a specific bimodal microstructure consisting of nano-twinned and strain hardened, but not twinned regions. The LCF properties of materials having such a particular microstructure have not been reported in the literature as yet. In the present study, the cyclic softening behavior during testing under plastic strain control was investigated for the SUS316L steel with the above mentioned microstructure produced during 1-pass ECAP. Special attention was paid to the dependence of cyclic stressstrain response on plastic strain amplitude, which usually exerts a strong effect on dislocation motion and on resultant selforganized dislocation structure in coarse-grained materials.
Experimental Procedure

Process and materials
The chemical composition of the SUS316L stainless steel used in the present study is shown in Table 1 . The SUS316L steel were annealed at 1353 K for 5 min and then quenched in water. The material was shaped to 4 © 4 © 40 mm 3 billets. The ECAP processing was carried out with an ECAP die Table 1 Chemical composition of the SUS316L stainless steel used (mass%). 3, 4, 9) In the present study, the billets were pressed through the die only 1 time.
The subsize specimens with gauge part of 1.5 © 1.5 © 2 mm 3 were shaped by spark erosion. The tensile axis and surface normal of the specimens were parallel to extrusion direction (ED) and transverse direction (TD), respectively. The specimen surfaces were mechanically and electrolytically polished prior to the tests.
Fatigue test
Low-cycle fatigue tests were carried out using a servohydraulic machine (Shimadzu Servo Pulser EHF-LB10kN-10N). To ensure stress-free gripping, the flat I-shaped specimens were fastened to the fatigue testing machine with a help of low melting-point alloy. Axial strain was measured with a strain gauge cemented at the gauge part. Cyclic tensile and compressive strains were applied to the specimens under constant plastic strain amplitude. The plastic strain amplitudes ¾ pl used in the study ranged from 1 © 10 ¹4 to 5 © 10 ¹3 . The low-cycle fatigue tests were conducted in air at room temperature, and 0.2 Hz frequency for all plastic strain amplitudes. The upper limit of fatigue cycles was set at 30,000 cycles. The fatigue tests were terminated when a rapid reduction of the stress amplitude was detected in association with fatigue cracking. Figure 1 shows a typical microstructure of the processed sample. Similarly to the results reported for the same type steel, 3, 10) the very fine deformation twins were generated in approximately a half volume of the billet.
Results
Cyclic softening
Cyclic hardening curves are shown in Fig. 2 in terms of the mean stress amplitude · a,m = (· max ¹ · min )/2 as a function of the cumulative plastic strain ¾ pl,cum = 4N¾ pl , where · max and · min are the tensile and compressive peak stresses of hysteresis loops, respectively, and N is the number of cycles. For the sake of comparison, the cyclic response of the as-quenched SUS316L specimen is plotted on the same diagram. Interestingly, while most SPD-manufactured materials exhibit pronounced cyclic softening even at fairly low strain amplitudes, the stress amplitudes of the ECAPed specimen fatigued at ¾ pl = 1 © 10 ¹4 as well as those of the as-received specimen were almost constant. However, at the plastic strain amplitudes above 2 © 10 ¹4 , the stress amplitude decreased rapidly from the onset of cyclic deformation. After this initial cyclic softening stage, the stress amplitudes were fluctuated at the plastic strain amplitudes of 2 © 10
¹3 . For the test conducted at ¾ pl = 1 © 10
¹4
, the fatigue test was stopped at 30,000 cycles. The other tests were terminated when a rapid decay in the stress amplitude was noticed. This typically corresponds to the beginning of fatigue crack initiation and after that the plastic strain control test does not make sense since the plastic strain is actually localized at the crack tip. Figure 3 shows a typical behavior of the cyclic strain hardening rate derived from the corresponding cyclic hardening curve. Because of initial cyclic softening, the large part of the hardening rate was negative, particularly during the early half of cycling. During the initial rapid softening stage, the negative hardening rate increased with increasing cycles. Then, a local maximum, which corresponds to an inflection point of the hardening curve, was reached and the hardening rate showed a trend to decrease again, i.e., the specimen exhibited secondary softening. The secondary softening were recognized at the specimens fatigued at ¾ pl ² 2 © 10 ¹4 . In the later stage of fatigue life, the hardening rate fluctuated greatly, reflecting the jerky character of the stress amplitude.
The cyclic stressstrain curve relating the stress amplitude and the plastic strain amplitude is shown in Fig. 4 where the maximum stress amplitude and the stress amplitude at the inflection point are plotted. As is expected from the monotonic stressstrain behavior, the stress amplitude increases with increasing plastic strain amplitude as a polynomial function. At ¾ pl = 5 © 10
¹3
, the stress amplitude was as high as 840 MPa. The degree of the initial rapid softening can be described in terms of the difference between the maximum stress amplitude and the stress amplitude at the . The stress amplitude plotted in the figure represents a mean value of the tensile and compressive peak stresses. infection point. For the plastic strain amplitudes 2 © 10 ¹43 pl¯2 © 10 ¹3 , the difference increased with the increasing strain amplitude. However, at the higher plastic strain amplitude (¾ pl = 5 © 10 ¹3 ), this difference is smaller.
Stress asymmetry
The prominent feature of the cyclic hysteresis loops observed in the present ECAPed SUS316L steel is their significant stress asymmetry in forward and backward directions. Figure 5 shows the behavior of the tensile and compressive peak stresses with cycling under ¾ pl = 2 © 10 ¹3 (c.f. Fig. 2 where the mean value between these two is plotted). At the very initial stage of fatigue, the tensile peak stress was higher than the compressive one. The higher tensile stress can be considered as a manifestation of the Bauschinger effect which is promoted by the directionality of the ECAP processing. This is because the shear direction of the ECAPed billet is equal to that of a strip specimen prestrained towards tensile direction. Then, the tensile peak stress decreased rapidly with increasing cycles, although the compressive stress increased gradually.
In order to quantify the extent of the stress asymmetry in the hysteresis loop, let us consider a stress asymmetry parameter defined as the stress range "· = · max ¹ · min related to the mean stress amplitude · a,m . The behavior of the stress asymmetry parameter "·/· a,m is shown in Fig. 6 . A positive "·/· a,m value indicates that the tensile peak stress is higher than the compressive one. For all plastic strain amplitudes tested, the "·/· a,m values of ECAPed specimens were positive at the onset of cyclic deformation. Moreover, at ¾ pl = 1 © 10 ¹4 , the "·/· a,m value remained positive throughout the entire fatigue test, although some fluctuations were observed. For the fatigue tests at 2 © 10 ¹4¯¾ pl¯5 © 10 ¹4 , the "·/· a,m value shifted from the positive (tensile) region to the negative (compressive) one. It should be noted that the stress asymmetry is attributable to ECAP processing entirely. To the contrast, ideally symmetric hysteresis loops are observed in the as-quenched SUS316L steel showing a close to zero "·/· a,m value throughout the test. Figure 7 displays the evolution in the hysteresis loop shape at ¾ pl = 2 © 10
Hysteresis loop shape
¹4
. In the initial deformation stage (¾ pl,cum = 0.1), the hysteresis loop had a smooth lenticular shape. It can be noticed that concurrently with the evolution of the stress asymmetry, the hysteresis loop becomes distorted with increasing number of cycles.
To assess the change in the hysteresis loop quantitatively, we calculated the strain hardening rate in individual loops selected arbitrarily at different stages of fatigue life. The strain hardening rates measured within the hysteresis loops at ¾ pl,cum = 0.1 and 9 are exemplified in Fig. 8 for the specimen tested at ¾ pl = 2 © 10
. On the initial stage, ¾ pl,cum = 0.1, the strain hardening rate decreased monotonically during either tensile or compressive direction of loading. As a matter of fact, the hardening rate curves at both tensile and compressive halves of the hysteresis were almost the same within the regular scatter. At the later deformation stage, ¾ pl,cum = 9, it is clear that the further reduction in the hardening rate occurred with inflection points on the hardening curves in both loading directions. This kind of the loop distortion is indicative of the beginning of the secondary softening stage. It is important to notice that the hardening rate curve during tensile straining at this deformation stage was different from that in the opposite direction, i.e., the asymmetric strain hardening behavior is evident at the latter stage of fatigue of the specimen tested at ¾ pl = 2 © 10 ¹4 . Figure 9 shows the change in the hysteresis loop shape at the large plastic strain amplitude, ¾ pl = 5 © 10 ¹3 . The hysteresis loops at ¾ pl,cum = 3.6 and 13.6 have shape which is typically observed in ductile metallic materials with a conventional grain size. At ¾ pl,cum = 16, the loop distortion is observed only during tensile straining. The shape of the distorted loops appears to be apparently different from the loop distortions observed at ¾ pl = 2 © 10 ¹4 . Because it is seen only during tension, this kind of distortion is most likely appeared as a result of fatigue cracking. Hence, the secondary softening, which is observed at the relatively high plastic strain amplitude ¾ pl = 5 © 10 ¹3 , Fig. 2 , should attributed to the fatigue cracking. However, it is unlikely that fatigue cracking could cause secondary cyclic softening at 2 © 10 ¹4¯¾ pl¯2 © 10 ¹3 since the stress amplitudes increased again after the secondary softening at these strain amplitudes. Furthermore, no characteristic changes peculiar to fatigue cracking was detected in hysteresis loops.
Discussion
Cyclic softening
Cyclic softening has been systematically reported to occur in many fcc UFG metals and alloys with relatively high SFE.
1114) On the other hand, hcp metals such as Ti appeared immune from softening under cyclic deformation. Microstructural changes such as fatigue induced dynamic grain coarsening 11, 12) and dislocation annihilation 13) have long been recognized as a root cause for cyclic strain softening of UFG materials manufactured by SPD. Dependence of the cyclic softening on the plastic strain amplitude was reported in UFG copper produced by ECAP, and the cyclic softening ratio was associated with the extent of grain coarsening. 12) However, careful microstructural observations of the present SUS316L by electron channeling contrast (ECC) technique in a scanning electron microscope did not reveal any signatures of grain coarsening after fatigue. In coarse-grained SUS316L steel fatigued, the TEM observations have shown the occurrence of dislocation selforganization which should involve dislocation cross slip process. 16) Similarly, for cyclic deformation of the ECAPed SUS316L steel, the cross slip which promotes dislocation annihilation is also expected. It is likely that the initial rapid softening observed at 2 © 10 ¹4¯¾ pl¯5 © 10 ¹3 was caused primarily by the reduction of excess dislocation density stored in the specimen during the ECAP. The dislocation storage during processing and the subsequent dislocation annihilation during LCF are most reasonably to occur in the regions where the nanostructured twins were not favored.
In the prestrained course-grained copper specimen, cyclic softening occurred at the plastic strain amplitude above
¹5 , which was referred to as a cyclic softening threshold.
17) The cyclic hardening curves in Fig. 2 indicate that the softening threshold amplitude in the ECAPed SUS316L steel should exist at ¾ pl between 1 © 10 ¹4 and 2 © 10 ¹4 . Below the softening threshold amplitude, the microstructure would be unaltered during fatigue cycling. The positive "·/· a,m value at ¾ pl = 1 © 10 ¹4 , Fig. 6 , is consistent with the absence of cyclic softening, given that the initial microstructure produced by the ECAP is maintained.
For the plastic strain amplitudes of 1 © 10 ¹4¯¾ pl2 © 10 ¹3 , the degree of initial cyclic softening increases with increasing plastic strain amplitude as shown in Fig. 4 . Above the softening threshold, the dislocation annihilation occurs.
The degree of cyclic softening at ¾ pl = 5 © 10 ¹3 was insignificant in comparison with that during fatigue tests at the smaller strain amplitude (¾ pl = 1 © 10 ¹3 or 2 © 10 ¹3 ). Two different reasons can be given in account for the observed small cyclic softening at ¾ pl = 5 © 10
¹3
. The first is the early fatigue cracking. It is feasible that in the materials, which have been significantly hardened during processing and which posses only limited ductility and limited resistance to fatigue crack propagation, the cracks develop at higher strain amplitudes before the specimen becomes sufficiently softened during the initial cyclic stage. The second possibility is that the dislocation multiplication overrides the effect of dislocation recovery at such a large strain amplitude as 5 © 10 ¹3 (cf. also the cyclic hardening curve corresponding to ¾ pl = 5 © 10 ¹3 , Fig. 2 , where slight hardening is appreciable after the initial rapid softening). It is therefore plausible to suppose that the overall complexity of the cyclic softening behavior is caused by a synergistic interplay between dislocation annihilation and multiplication which occur concurrently during cyclic deformation.
Stress asymmetry
The specific asymmetry of the hysteresis loop for ECAP materials, cf. Figs. 5 and 7, is worthy in deep discussion. In the range of plastic strain amplitudes of 2 © 10 ¹43 pl¯2 © 10 ¹3 , the particularly significant reduction of the stress amplitude is observed on the tensile part of the hysteresis loop during cycling, Fig. 5 , with an evident crossover around ¾ pl,cum = 0.25 (i.e., at around N of 30 initial cycles). The specimens showing such specific stress asymmetry had two common characteristics: (i) the distorted hysteresis loops and (ii) the fluctuations of the stress amplitude at the later fatigue stage. Similar hysteresis loops having a typical sigmoidal shape have been reported for the ZK60A wrought magnesium alloy which deforms with an aid of mechanical twinning during fatigue.
18) Thus, it is plausible that the characteristic distortion of hysteresis loops in the present SUS316L steel is originated from the effect of twinning during fatigue. In fact, profuse twinning is commonly observed in this steel during deformation. 3, 4) After rapid cyclic softening caused by dislocation recovery, the twinning deformation can come into play to accommodate the imposed plastic strain of later deformation stages. The observed significant fluctuations of the stress amplitude, Figs. 2 and 3 , can be caused by discontinuous microstructural evolution involving coalescence of nano-twin bands introduced during ECAP. Microstructural details of the microscopic mechanism governing the asymmetric stress behavior, which is also accompanied by cyclic softening at the tensile part and cyclic hardening at the compressive part, are still unclear. A simplified picture can be drawn to understand the drift of hysteresis loop towards the compressive side, Fig. 7 , from the mechanistic viewpoint assuming that the irreversible elongation occurs in tensile direction. The illustration for this possible irreversible elongation is shown in Fig. 10 . In the present fatigue testing system, which enables the plastic strain control, both the tensile and compressive stress amplitudes are adjusted at every half cycle to keep both edges of the hysteresis loop corresponding to the target elastic lines within a preset tolerance. If a specimen is irreversibly elongated in tensile direction, Fig. 10(b) , the tensile and compressive peak stresses are automatically drifted to the compressive side in the next cycle, Fig. 10(c) . In this manner, the irreversible elongation can cause the observed stress asymmetry.
The irreversible elongation should be accompanied by the unusual cyclic deformation whereby a plastic deformation mechanism controlling tensile straining is certainly different from that in compressive straining. The hardening rate behavior shown in Fig. 8 (¾ pl,cum = 9), indicating that the stressstrain hardening curves were different in tensile and compressive parts of the hysteresis loop, is consistent with the presence of the asymmetric deformation mechanism.
A microstructurally-based modeling of the asymmetric cyclic response of UFG and bulk-nano materials manufactured by ECAP is still lucking and this should rely heavily on the specifics of the simple shear texture, which is inevitably created during pressing through the ECAP die and which inevitably determines the dislocation behavior when the external force is applied in a certain direction. The significance of the crystallographic texture and dislocationbased modeling for understanding of the mechanical behavior of SPD-produced bulk-nano metals has been highlighted on many occasions (see, for example, a recent review 15) and references therein). This challenging task will be in focus of further investigations.
Summary and Conclusions
(1) The cyclic response of the SUS316L steel processed by one ECAP pass has been investigated with the focus on the cyclic softening behavior in dependence on the applied plastic strain amplitude ¾ pl . Cyclic softening was almost absent at the plastic strain amplitude as low as of 1 © 10 ¹4 . At higher ¾ pl ranging between 2 © 10 ¹4 and 2 © 10
¹3
pronounced cyclic softening was observed. The extent of initial cyclic softening increased with increasing plastic strain amplitude below ¾ pl = 2 © 10
. However, cyclic softening was lowered again at the highest plastic strain amplitude ¾ pl = 5 © 10 ¹3 . (2) The significantly strengthened by ECAP specimens of the SUS316L steel exhibited notable hardening in the cyclic stressstrain curve: the maximum stress amplitude increased reasonably with increasing plastic strain amplitude from 300 MPa at ¾ pl = 1 © 10 ¹4 to 840 MPa at ¾ pl = 5 © 10
. (3) The most intriguing finding of the present work is that the ECAPed SUS316L steel exhibits significant asymmetry in the tensile and compressive parts of the hysteresis loops. Either tensile or compressive stress component can be notably higher than the other, depending on the imposed plastic stress amplitude and the number of cycles. The complexity of stress asymmetry is further gained from the observed cyclic softening. The observed stress asymmetry is fully attributed to the specific micro structure and texture created during ECAP. 
